GKS at the Gamma Knife Center of the Beijing Neurosurgical Institute. Adequate follow-up was available and included MRI examinations in 190 (95%) of these patients. These 190 patients comprise the study group described in this article; the other 10 patients were lost to follow-up. Of these 190 patients, 88 (46.3%) were male and 102 (53.7%) were female. The mean age of these patients was 50.6 years (range 10-77 years). Gamma Knife surgery was performed as the primary treatment in 134 patients (70.5%), in whom the diagnosis of VS was based on MRI findings alone. Gamma Knife surgery was the secondary treatment, following microsurgery, in 56 patients (29.5%) in whom the diagnosis was histopathologically confirmed. Patients with neurofibromatosis Type II were excluded from this study.
Clinical Features
The median tumor volume was 3.6 cm 3 (range 0.3-27.3 cm ). Classified by the tumor's imaging appearance, 118 patients (62.1%) harbored homogeneously enhancing (purely solid) tumors, and 72 patients (37.9%) harbored heterogeneously enhancing (mixed cystic and solid) tumors. Hearing and facial symptoms were assessed at baseline (pre-GKS) and during follow-up according to the Gardner-Robertson and House-Brackmann grading systems, respectively. Pre-GKS and post-GKS hearing and facial function status are shown in Table 1 . Tinnitus was reported by 124 patients (65.3%). At the time of GKS, 137 patients (72.1%) had normal facial function.
Radiosurgical Technique
In all these patients, the Leksell model G stereotactic frame (Elekta Instruments) was applied following administration of a local anesthetic agent and a mild oral sedative. High-resolution contrast-enhanced MRI was performed for tumor localization and for follow-up examinations. During the period in which this cohort of patients was treated, the Leksell Gamma Knife model B was used at our center. Elekta proprietary radiosurgery treatment planning software was used for all cases: the KULA system was used before May 1996 and the GammaPlan thereafter. The median tumor margin dose was 13.0 Gy (range 6.0-14.4 Gy), and the median maximum tumor dose was 28.0 Gy (range 15.0-60.0 Gy). The median prescribed isodose line was 45.0% (range 20%-68%), and the median number of isocenters was 4 (range 2-9). Because of a large tumor volume or another reason, 10 patients in this group received a margin dose lower than 12 Gy.
Follow-Up Evaluation
After GKS, MRI studies were periodically obtained in all 190 patients in the study group. For the purpose of this article, the criteria used to evaluate the tumor response on MR images after GKS are classified into three categories: 1) tumor regression is defined as a post-GKS tumor volume that is 10% less than the pre-GKS tumor volume or a ≥ 2 mm shrinkage of the lesion along one axis; 2) stable tumor is defined as a post-GKS tumor volume change that is within 10% or < 2 mm change in the lesion along one axis; and 3) tumor enlargement is defined as a post-GKS tumor volume that is 10% greater than the pre-GKS tumor volume or a ≥ 2 mm growth in the lesion along one axis.
Statistical Analysis
The Kaplan-Meier product-limit method was used to calculate estimated rates of tumor control and hearing function preservation. An analysis of the correlation of potential prognostic factors with tumor control was performed using the following groups: patient sex (male vs female); patient age (< 65 years vs ≥ 65 years); margin dose (< 13 Gy vs ≥ 13 Gy); prior surgery (no vs yes); tumor volume (< 5 cm 3 vs 5-10 cm 3 vs ≥ 10 cm 3 ); and imaging appearance (homogeneously enhancing vs heterogeneously enhancing). A univariate analysis was performed on Kaplan-Meier plots by using the log-rank statistic, with a p value of < 0.05 considered significant. A multivariate analysis was performed using the Cox regression model (95% CI). We used standard statistical processing software (SPSS version 17.0; SPSS, Inc.) for the analyses.
Results

Tumor Control
The median duration of follow-up was 109 months (range 8-195 months) . The duration of follow-up was ≥ 60 months in 132 patients (69.5%) and ≥ 120 months in 86 patients (45.3%). Of the 190 patients, the latest follow-up MRI studies demonstrated tumor regression in 122 patients (64.2%), stable tumor in 48 patients (25.3%), and tumor enlargement in 20 patients (10.5%). The total rate of tumor control was 89.5%. We observed a post-GKS loss of enhancement in 134 patients (70.5%) in this group. Of the 20 patients in whom tumor enlargement was shown on the latest MR images, 7 underwent repeated GKS, 7 underwent microsurgery, 2 received ventriculoperitoneal shunts, and 4 were kept under close observation. Sixteen patients in our cohort died during the follow-up period. Twelve patients died of causes unrelated to the VS, with maintenance of a high quality of life following GKS, and 4 patients died of VS progression. The Kaplan-Meier-estimated 3-, 5-, 10-, and 15-year tumor control rates were 95%, 93%, 86%, and 79%, respectively ( Fig. 1) .
Cranial Nerve Function
The post-GKS hearing and facial function statuses in the patients are shown in Table 1 ; all data were collected after the first radiosurgery. After GKS, serviceable hearing (Gardner-Robertson Grades I and II) was detected in 18 patients (9.5%), hearing loss of some degree (Gardner-Robertson Grades III and IV) was detected in 127 patients (66.8%), and complete hearing loss (GardnerRobertson Grade V) was detected in 45 patients (23.7%). Tinnitus still existed in 69 patients, although the overall rate of improvement in tinnitus was 44.4%.
We observed improvement in hearing in 12 patients (6.3%), stabilization of hearing in 131 patients (68.9%), and deterioration of hearing function in 47 patients (24.7%). The Kaplan-Meier-estimated 3-, 5-, and 10-year hearing preservation rates were 96%, 92%, and 70%, respectively ( Fig. 2) .
In our cohort of patients, 26 patients (13.7%) exhibited transient mild facial palsy or facial spasm, and 2 patients (1.1%) suffered from persistent mild facial palsy. Thirty-nine patients (20.5%) had transient trigeminal neuropathy, and 5 patients (2.6%) suffered from persistent mild facial numbness. The incidence of persistent severe facial and trigeminal neuropathy was 0.0%. Among 10 patients who presented with secondary TN, 8 patients experienced improvement (to varying degrees) due to tumor regression after GKS.
Salvage Treatment
Eighteen patients (9.5%) underwent repeated GKS, 6 patients (3.2%) required placement of a ventriculoperitoneal shunt due to hydrocephalus, 10 patients (5.3%) underwent microsurgical resection, and 156 patients (82.1%) required no additional intervention during the follow-up period after GKS.
In the group of 18 patients who were treated with additional GKS, 8 patients underwent planned repeated GKS due to the large volume of their VSs, 7 patients underwent a second GKS due to an enlargement of tumor volume after the initial GKS, and 3 patients required repeated GKS due to development of secondary TN. Pain relief was achieved in all patients after repeated GKS. The mean tumor volume in this group was 7.1 cm 3 (range 0.3-18.7 cm 3 ). In this group of 18 patients, the mean margin dose at the first GKS was 12.2 Gy (range 9-14 Gy), and the mean margin dose at the second GKS was 11.1 Gy (range 10-12 Gy; cases with TN were excluded). The mean interval between the first and second GKSs was 56.8 months (range 12-168 months). In this cohort of patients, the rate of tumor control was 88.9% (16 of 18 patients), the incidence of persistent mild facial neuropathy was 11.1% (2 of 18 patients), and the incidence of persistent mild trigeminal neuropathy was 22.2% (4 of 18 patients).
Discussion
Long-Term Results of Tumor Control After GKS
It has been more than 40 years since the first GKS for VS was reported in 1971, and increasing numbers of clinicians have become interested in long-term results (> 10 years) following GKS for VS. Recently reported long-term outcomes are listed in Table 2 . 5, 8, 15 The Kaplan-Meier-estimated 5-year and 10-year tumor control rates in our patients were 93% and 86%, which are similar to the longterm results reported by Chung and colleagues 1 (95% at 7 years) and Hasegawa et al. 5 (87% at 10 years). The reason that the tumor control rates in the current study and those reported by Hasegewa et al. are slightly less than those in other reports may be because the investigators treated much larger volumes and had much longer follow-up times. There has been a reduction in the prescribed peripheral dose from 16-20 Gy to 12-14 Gy in most Gamma Knife centers whose results have been reported, 1, 5, 8, 9, 13, 15 but no difference in tumor control rates has been associated with this decrease, and there is also no evident difference in tumor control rates between these reports and the current study (prescribed peripheral dose 12-14 Gy). Thus there is no doubt that GKS could provide long-term, even lifelong tumor growth arrest for VS in most patients who receive a 12-14 Gy prescribed margin dose (Fig. 3) .
For those patients who underwent salvage GKS for progressive VSs, the rate of tumor control after retreatment with GKS was 88.9%, resembling the results reported by Dewan and Norén 3 (an 82% tumor control rate). On the basis of these study findings, it can be concluded that retreatment with GKS should be considered an optional management strategy for recurrent VSs with small to medium-sized volumes.
The mean documented tumor growth time after GKS in this patient group was 53 months (range 12-168 months). Tumor enlargement was revealed in 5 patients by follow-up MR imaging studies conducted longer than 5 years after GKS (Fig. 4) . Our results seem to be at variance with the view that GKS remains effective for more than 5 years, and we feel that a 5-year follow-up after GKS for VS is not sufficient to determine the ultimate extent of tumor control. We believe that long-term, even lifelong follow-up is essential for VS after GKS.
Factors Associated With Tumor Control
Patient sex (p = 0.158, HR = 1.623, 95% CI 0.828-3.180), patient age (p = 0.486, HR = 1.325, 95% CI 0.601-2.921), margin dose (p = 0.002, HR = 0.526, 95% CI 0.348-0.797), prior surgery (p = 0.923, HR = 0.965, 95% CI 0.465-2.003), tumor volume (p = 0.000, HR = 2.097, 95% CI 1.420-3.098), and imaging appearance (p = 0.665, HR = 1.158, 95% CI 0.597-2.246) were included in the univariate analysis of tumor control. Margin dose and tumor volume affected tumor control significantly in the univariate analysis. In the multivariate analysis, in which patient sex (p = 0.248), patient age (p = 0.862), margin dose (p = 0.241), prior surgery (p = 0.891), tumor volume (p = 0.000, HR = 2.097, 95% CI 1.420-3.098), and imaging appearance (p = 0.609) were included, tumor volume was the only factor that affected tumor control significantly. Similarly Hasegawa et al. 5 reported that tumor volume remained a significant prognostic factor for tumor control in both univariate and multivariate analyses.
From the illustrative cases of treatment failure reported in this article, we noted that for large VSs with symptomatic brainstem compression, performing GKS led to serious consequences. Tumor volume is the dominant element affecting tumor control: the larger the tumor volume, the lower the tumor control rate. The worst prognostic factors were found to be present in patients harboring a large tumor concomitant with symptomatic brainstem compression.
Gamma Knife Surgery for Large VSs
Gamma Knife surgery alone has become the standard treatment for small to medium-sized VSs because it results in long-term tumor control with low incidences of morbidity and mortality. Nevertheless, there is ongoing * FU = Follow-Up; ND = not determined. contention about the efficacy of GKS for large VSs (generally thought of as tumors > 10 cm 3 ). The lack of reliable data has hindered neurosurgeons from making recommendations for either microsurgery or GKS in patients who are poor operative risks and harbor large-volume VSs. Chung and coworkers 2 in 2010 reported 21 cases of large-volume VSs treated by GKS. Those authors also reviewed other papers and summarized good tumor control rates (84%-100%), excellent preservation of cranial nerve function, and low treatment failure rates (0%-12%) with the use of GKS for large-volume VSs. In the series reported by Chung and coworkers 2 the mean tumor volume was 17.3 cm 3 , the margin dose was 10-14 Gy, the mean follow-up time was 5.5 years, and the tumor control rate was 90.5% with a 100% facial nerve preservation rate. In this report, only 5 patients required surgical intervention after GKS.
In our group, 28 patients harbored VSs with tumor volumes > 10 cm 3 . For these patients, the mean tumor volume was 14.3 cm 3 , the margin dose was 6-12 Gy, the mean follow-up time was 6.2 years, and the tumor control rate was 78.6%, which we acknowledge is far less than usually reported. Of the 20 patients in whom GKS did not control the VS, 11 patients (55%) harbored ≥ 10 cm 3 tumors, and 9 patients (45%) had severe symptomatic brainstem compression. We conclude that, in our experience, GKS was absolutely not suitable for VSs ≥ 10 cm 3 with concomitant symptomatic brainstem compression, especially when the tumor was found to be homogeneously enhancing on MRI studies. Although the statistical data showed no remarkable difference between homogeneously enhancing tumors and heterogeneously enhancing tumors, some cases revealed that heterogeneously enhancing tumors were more likely to manifest distinct volume changes (Fig. 5) . On the basis of the cases successfully managed at our center, we conclude that single GKS or staged GKS is suitable for large-volume (≥ 10 cm 3 ) heterogeneously enhancing VSs without symptomatic brainstem compression. Appropriate decreases in the prescribed margin dose could contribute to a reduction in complications from GKS.
Long-Term Results of Cranial Nerve Function After GKS
With the development and increasing sophistication of microsurgical and radiosurgical techniques, there is a tendency for the goals of VS management to emphasize the preservation of cranial nerve function and the maintenance of a high quality of life as emphatically as tumor control. With the reduction in the prescribed peripheral dose from 16-20 Gy to 12-14 Gy at most Gamma Knife centers, 1, 5, [8] [9] [10] 15 there has been a falloff in the rate of cranial nerve morbidity. Many groups have reported in the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] that between 52% and 83.4% of patients with useful pre-GKS hearing function have preserved useful hearing after GKS for VS. The rate of hearing function preservation in our series was 75.3%, which is well within this range. Tinnitus still existed in more than half of this group. Norén 9 has noted that tinnitus is rarely changed by the treatment.
Based on our experience, we are in agreement with two viewpoints from other reports: the larger the tumor volume, the lower the hearing preservation rate; 13 and the longer the follow-up time, the lower the hearing preservation rate. 11 The Kaplan-Meier-estimated hearing preservation rate in our experience showed a remarkable declining trend during the follow-up period. The guidelines from the International RadioSurgery Association conclude that facial and trigeminal nerve function can now be preserved in the majority of patients (> 95%) when the previously used tumor margin dose of 18-20 Gy is reduced to 12-14 Gy. The published results from Hasegawa et al., 5 Chung and colleagues, 1 and Wowra et al., 15 and those from the current study also support this statement. It is worth noting that the incidence of persistent mild facial and trigeminal neuropathy was 33.3% in VS cases managed with repeated GKS, which was a higher rate than that observed for patients treated with a single GKS in the current study. We believe that the incidence of facial and trigeminal function injury will be raised after repeated GKS.
Conclusions
With a 12-14 Gy prescribed margin dose, GKS is confirmed to provide long-term tumor control for small to medium-sized VS and largely to prevent cranial nerves from iatrogenic injury. In addition, based on our results, GKS is a reasonable treatment option for large, heterogeneously enhancing tumors without symptomatic brainstem compression. Gamma Knife surgery can preserve a high quality of life for most patients with VS without symptomatic brainstem compression. Long-term follow-up is required because of the risk of delayed recurrence of VS.
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